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  ABSTRACT 
 
Water vapor condensation on superhydrophobic surfaces has received much attention in recent 
years due to its ability to shed water droplets at length scales three decades smaller than the 
capillary length (~ 1mm) via coalescence induced droplet jumping. Jumping-droplet condensation 
has been demonstrated to enhance heat transfer, anti-icing, and self-cleaning efficiency, and is 
governed by the theoretical inertial-capillary scaled jumping speed (𝑈 ). When two droplets 
coalesce, the experimentally measured jumping speed (𝑈exp ) is fundamentally limited by the 
internal fluid dynamics during the coalescence process (𝑈exp < 0.23𝑈). Here, we theoretically and 
experimentally demonstrate multi-droplet (>2) coalescence as an avenue to break the two-droplet 
speed limit. Using side-view and top-view high-speed imaging to study more than 1000 jumping 
events on a copper oxide nanostructured superhydrophobic surface, we verify that droplet jumping 
occurs due to three fundamentally different mechanisms: 1) coalescence between 2 droplets, 
2) coalescence between more than 2 droplets (multi-drop), and 3) coalescence between 1 or more 
droplets on the surface and a returning droplet that has already departed (multi-hop). We measured 
droplet-jumping speeds for a wide range of droplet radii (5-50 µm), and demonstrated that while 
the two-droplet capillary-to-inertial energy conversion mechanism is not identical to that of multi-
drop jumping, speeds above the theoretical two-droplet limit (> 0.23𝑈) can be achieved. However, 
we discovered that multi-hop coalescence resulted in drastically reduced jumping speeds 
(<< 0.23𝑈 ) due to adverse momentum contributions from returning droplets. To quantify the 
impact of enhanced jumping speed on heat transfer performance, we developed a condensation 
critical heat flux model to show that modest jumping speed enhancements of 50% using multi-
drop jumping can enhance performance by up to 40%.  
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CHAPTER 1: INTRODUCTION 
 
Water vapor condensation is routinely observed in nature and has a large influence on the 
performance of engineered systems such as building environmental control,[1] power 
generation,[2] high-heat-flux thermal management,[3] and thermally-driven water desalination.[4] 
When water vapor condenses, it does so preferentially on a surface as opposed to in the bulk due 
to the reduced energy barrier for nucleation.[5] Previous studies have shown that condensation on 
non-wetting (hydrophobic) surfaces (i.e. polymers or self-assembled monolayers) has a ≈5-10X 
enhanced condensation heat transfer coefficient when compared to condensation on wetting 
(hydrophilic) substrates (i.e. clean metal oxides). The mechanism of enhancement is due to the 
formation of small liquid droplets (~10nm – 2mm, for water), which grow and shed from the 
surface via gravity, clearing the surface for re-nucleation.[6] Condensation on non-wetting surfaces, 
termed ‘dropwise’ condensation,[7] has been the topic of many investigations since its discovery 
85 years ago. In addition to elucidating the fundamental heat transfer mechanisms of dropwise 
condensation,[8-9] past research has focused on creating durable and ultra-thin hydrophobic 
coating materials with diminishing contact angle hysteresis in order to remove droplets at ever 
smaller length scales for further enhancements in heat transfer.[10]  
 
With the advent of micro-nanofabrication in the past 3 decades, novel ultra-low adhesion 
superhydrophobic surfaces have been developed through the combination of surface structuring 
and chemical functionalization.[11] Researchers have recently discovered that when microdroplets 
(~10-100 µm) condense and coalesce on an ultra-low adhesion structured surface, the resulting 
droplet can jump away from the surface irrespective of gravity due to surface-to-kinetic energy 
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transfer.[12-17] This phenomenon has been termed jumping-droplet condensation and has been 
shown to further enhance the heat transfer coefficient by 30% when compared to classical dropwise 
condensation due to a larger population of microdroplets which more efficiently transfer heat to 
the surface.[18] A number of works have since fabricated superhydrophobic nanostructured 
surfaces to achieve spontaneous droplet removal[19-29] for a variety of applications including 
self-cleaning,[30-32] thermal diodes,[31,33] anti-icing,[34-37] vapor chambers,[38] electrostatic 
energy harvesting,[39-41] and condensation heat transfer enhancement.[42-53]  
 
When two equally sized inviscid spherical droplets coalesce on a zero-adhesion surface, inertial-
capillary scaling shows that the merged droplet jumps with a speed, 𝑈 =  (𝜎/ 𝜌𝑅)1/2, where 𝜎, 𝜌, 
and 𝑅 are the surface tension, density, and initial radii of the droplets, respectively. Previous water 
condensation experiments and detailed numerical simulations on ultra-low adhesion 
superhydrophobic surfaces have shown that the droplet jumping mechanism is fundamentally 
inefficient with only a small fraction of the excess surface energy (≈6%, 𝑈𝑒𝑥𝑝 ≈ 0.21𝑈 ) being 
convertible into translational kinetic energy due to the critical role played by the internal fluid 
dynamics during the coalescence process.[13-14] This limitation presents a barrier for jumping 
droplet applications, since the jumping droplet speed dictates the out-of-plane momentum of the 
departing droplets and their ability to be removed from the surface in the presence of adverse forces 
such as gravity and vapor flow.  
 
In this study, we theoretically and experimentally demonstrate multi-droplet (>2) coalescence as a 
potential avenue to breaking the two-droplet coalescence speed limit (≈ 0.23𝑈 ). We studied 
coalescence induced droplet jumping over a wide parameter space (5 < 𝑅 < 50 µm) using water 
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condensation experiments on nanostructured superhydrophobic surfaces. In particular, we focused 
on the jumping droplet behavior of multiple coalescing droplets and examined how it pertains to 
the long term droplet distribution on the surface, the departing droplet speed, and the condensation 
heat transfer performance. To eliminate surface adhesion effects, and to experimentally isolate the 
fundamental energy conversion process associated with droplet jumping, we fabricated surfaces 
demonstrating apparent contact angles approaching 180° and almost zero contact angle 
hysteresis.[44] Using a combination of side-view and top-view high-speed imaging to study more 
than 1000 jumping events, we verify that droplet jumping occurs due to three fundamentally 
different removal mechanisms: 1) coalescence between 2 neighboring droplets, 2) coalescence 
between more than 2 neighboring droplets by very closely timed sequential coalescence events 
each involving two droplets, herein called ‘multi-drop’, and 3) coalescence between 1 or more 
droplets on the surface and a returning droplet that has already departed, herein called ‘multi-hop’. 
We measured droplet-jumping speeds from the condensing surface for a variety of droplet 
departure diameters (5-100 µm), and showed that a fraction of jumping events have speeds above 
the theoretical two-droplet limit (≈0.23𝑈), due to multi-drop coalescence effects. However, multi-
hop coalescence was shown to reduce departure speeds (<< 0.23𝑈 ) due to the out of plane 
coalescence and reduced momentum transfer for jumping. We show that only multi-drop departure 
is advantageous for enhancing system performance while, in contrast to previous studies,[54-55] 
multi-hop departure is detrimental to long term heat transfer performance due to the lower 
departure speed and high likelihood of droplet pinning, resulting in an increased average droplet 
diameter on the surface. Our results elucidate the coupled nature between the three identified 
droplet removal mechanisms, their associated droplet distributions, and their condensation heat 
transfer performance. Using our new understanding of multi-drop departure mechanisms, we 
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suggest pathways to rationally design surfaces to take advantage of this effect, and provide a 
starting point for the design of enhanced performance jumping droplet surfaces for thermal 
management, water and energy harvesting, and self-cleaning applications. 
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CHAPTER 2: RESULTS AND DISCUSSION 
 
2.1 Experiments  
 
To create the CuO nanostructures, commercially available multipurpose 110 Cu tabs (25mm x 
25mm x 0.8 mm) were used (99.90% purity), as the test samples for the experiments. Each Cu tab 
was thoroughly rinsed with acetone, ethanol, isopropyl alcohol (IPA) and deionized (DI) water. 
The tabs were then dipped into a 5.0 M hydrochloric acid solution for 2 min to remove the native 
oxide film on the surface, then rinsed with DI water and dried with clean argon gas. Nanostructured 
CuO films were formed by immersing the cleaned tabs into a hot (96 ± 3°C) alkaline solution 
composed of NaClO2, NaOH, Na3PO4·12H2O, and DI water (3.75:5:10:100 wt %).[56] During the 
oxidation process, a thin (≈300 nm) Cu2O layer was formed that then re-oxidized to form sharp, 
knife-like CuO oxide structures with heights of ℎ ≈ 1 μm (Figure 1a).  
 
To functionalize the surfaces, a proprietary fluorinated polymer was deposited using plasma 
enhanced vapor deposition (P2i). The process occurs under low pressure within a vacuum chamber 
at room temperature. The coating is introduced as a vapor and ionized. This process allows for the 
development of a highly conformal (≈50 nm thick) polymer layer, which forms a covalent bond 
with the surface (Figure 1b). Contact angle measurements (MCA-3, Kyowa Interface Science Ltd.) 
of ≈100 nL droplets on a smooth P2i coated silicon wafer showed advancing and receding contact 
angles of 𝜃a = 125.4 ± 2.9° and 𝜃r = 115.1 ± 3.8°, respectively. Using the values of the advancing 
contact angles on the rough (𝜃a
app
 ≈ 170.5 ± 7.2°) and smooth (𝜃a = 125.4 ± 2.9°) P2i surfaces, 
we estimated the effective solid fraction of the CuO surface to be 𝜑 = (cos 𝜃a
app + 1)/(cos 𝜃a +
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1) ≈ 0.04.  
 
Droplet coalescence, jumping, and distribution behavior were studied using a custom built top-
view and side view optical light microscopy set-up shown diagrammatically in Figures 2a and b, 
respectively. Samples were horizontally mounted using a thin layer of thermal grease 
(Omegatherm, Omega, thermal conductivity of 2.2 W/m·K) to a cold stage (Instec, TP104SC-
mK2000A) and cooled to the test temperature of 𝑇w = 1 ± 0.5°C, in a laboratory environment 
having air temperature, 𝑇air = 22 ± 0.5°C, and relative humidity (RH), 𝛷  = 28 ± 1% (Roscid 
Technologies, RO120). The RH of the laboratory air could vary up to ± 10% over the course of a 
day. To ensure stable humidity conditions, the experiments were conducted in hour-long segments 
when the laboratory air RH reached 28%, and ended when the RH exceeded 30% or fell below 
26%. Video recordings were performed at variable frame rates (up to 300,000 frames-per-second) 
with a high speed camera (Phantom, V711, Vision Research) attached to an upright microscope 
(Eclipse LV100, Nikon) for the top view analysis (Figure 2a) and to a horizontal rail for the side 
view analysis (Figure 2b). Droplet nucleation, growth, and departure were recorded at variable 
time intervals using the high speed camera, operating at a resolution of 800 x 600 pixels. Top view 
imaging was performed with either a 20X (TU Plan Fluor EPI, Nikon), 50X (TU Plan Fluor EPI 
ELWD, Nikon), or 100X (TU Plan Fluor EPI ELWD, Nikon) objective (Lens 1 in Figure 2a). 
Extra-long working distance (ELWD) lenses were used in order to maximize the distance from the 
top of the sample to the lens tip, and avoid interference between the optics and jumping droplets. 
For the 20X, 50X, and 100X lenses, the working distance was measured to be 5, 11, and 4 ± 0.5 
mm, respectively. Illumination was supplied by an LED light source (SOLA SM II Light Engine, 
Lumencor). The LED light source was specifically chosen for its high-intensity, low power 
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consumption (2.5 W), and narrow spectral range (380 - 680 nm), in order to minimize heat 
generation at the surface due to light absorption. Furthermore, by manually reducing the condenser 
aperture diaphragm opening size and increasing the camera exposure time, we were able to 
minimize the amount of light energy needed for illumination and hence minimize local heating 
effects during condensation experiments.[57]  
 
Side view imaging was performed with an extended macro lens assembly (Lens 2 in Figure 2b).[13] 
The lens assembly consisted of a 5X optical zoom macro lens (MP-E 65 mm, Canon), connected 
in series with 3 separate 68 mm hollow extension tubes (Auto Extension Tube Set DG, Kenko). 
The extension tubes were mounted in between the camera body and lens. The DG extension tubes 
coupled with the macro lens increased the distance from the lens to the camera CCD sensor, which 
increased magnification. Illumination was supplied by a high efficiency LED back light.  
 
All experiments were conducted at supersaturations,  𝑆  = 1.02 ± 0.035, below the critical 
supersaturation, 𝑆c ≈ 1.12, associated with surface flooding conditions for superhydrophobic CuO 
surfaces (𝑆 = 𝑃v/𝑃sat(𝑇w) < 𝑆c).[18,58] This was done in order to remain in the droplet jumping 
regime to study the coalescence and departure dynamics. The top view data was analyzed for the 
size and number of droplets prior to coalescence and jumping, while the side view data was 
analyzed for droplet speed after departure. Furthermore, the top view data was analyzed to obtain 
the time resolved droplet distribution on the surface and to study the effects of droplet coalescence 
and departure mechanisms on progressive surface flooding.[59] Representative side and top view 
images of droplet coalescence and jumping are shown in Figures 2c and d, respectively. To obtain 
good statistical significance and correlation between the two different camera arrangements, more 
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than 1000 coalescence and jumping events were analyzed. 
 
2.2 Droplet Jumping with Identically Sized Droplets  
 
Although previous studies have focused their attention on the coalescence of two equally sized 
droplets,[13-15,29,60-61] the coalescence and departure of multiple droplets (> 2) is also possible. 
In fact, four recent works have experimentally shown that multiple droplet coalescence has a high 
probability of occurrence during condensation.[12,22,54-55] Far from disadvantageous, the multi-
droplet jumping phenomena represents an opportunity for more efficient inertial-capillary energy 
conversion due to the higher surface energy associated with multiple microdroplets. For the case 
of 𝑛 inviscid spherical droplets coalescing on a surface with no adhesion, an energy-balance gives 
a characteristic jumping speed 𝑈 that follows an inertial-capillary scaling (see APPENDIX A, 
section A.1.):  
𝑈 = √
6𝜎
𝜌
[
∑ 𝑅i
2n
i=1 − (∑ 𝑅i
3n
i=1 )
2
3
∑ 𝑅i
3n
i=1
] ; (𝑛 ≥ 2)  , (1) 
where 𝑅i is the radius of the i
th coalescing droplet just prior to coalescence and jumping. For any 
combination of 𝑛 droplets having unequal radii, we are able to find an effective radius 𝑅eff, such 
that the jumping speed would be the same as 𝑛 droplets of equal radii (𝑅1 = 𝑅2 = ⋯ = 𝑅n = 𝑅eff). 
Hence we can simplify the initial jumping speed to the following: 
𝑈 = √
6𝜎
𝜌𝑅eff
(1 − 𝑛−
1
3)  ;  (𝑛 ≥ 2) , (2) 
where  
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∑ 𝑅i
2n
i=1 − (∑ 𝑅i
3n
i=1 )
2
3
∑ 𝑅i
3n
i=1
=
1 − 𝑛−
1
3
𝑅eff
 . (3) 
 
To account for the incomplete conversion of excess surface energy to kinetic energy not captured 
by the scaling, we introduced a proportionality constant 𝐶, on the right-hand side of Eqns. (1) and 
(2). Previous experimental analysis of two-droplet jumping speed on CuO surfaces has shown that 
Eq. (2) best fits the experimental data with 𝐶exp ≈ 0.21 (i.e. 𝑈exp = 0.21𝑈).[13] Back substituting 
our constant into Eq. (2), and assuming 𝑛 = 2, we obtain 𝑈 = 0.23√𝜎/𝜌𝑅 which is in agreement 
with detailed numerical simulations showing 𝐶 ≈ 0.23 (i.e. 𝑈theory = 0.23𝑈).[13]  
 
Figure 3a shows the calculated initial jumping speed as a function of number of identical 
coalescing droplets for different radii. As shown in Eqns. (1) and (2), smaller droplet radii result 
in larger jumping speeds due to their high surface-energy to volume ratio. In addition, higher 
number of coalescing droplets result in larger the jumping speeds. The effect of increasing the 
number of droplets partaking in coalescence on jumping speed is greater for smaller sets of droplets 
(3 < 𝑛 < 10) when compared to larger sets (11< 𝑛 < 25) due to the smaller size, and therefore 
inertia of the final droplet.  
 
To better quantify the theoretical speed enhancement due to multi droplet coalescence, we defined 
a speed enhancement factor 𝜂j = (𝑈n=m − 𝑈n=2)/𝑈n=2, where 𝑈n=m and 𝑈n=2 are the jumping 
droplet speeds (Eq. 2) for 𝑚 and 2 coalescing droplets, respectively. Figure 3b shows the speed 
enhancement factor as a function of number of droplets coalescing indicating that modest speed 
enhancements (≈ 34%) can be obtained with as few as 4 droplets coalescing and jumping, a 
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common phenomenon during droplet jumping depending on the supersaturation and structure 
length scale. To solve for the theoretical upper limit for jumping droplet speed enhancement, we 
solved for the case of 𝑚 → ∞ , to show that for all droplet sizes, 𝜂j = 1.96 (or 196%). These 
theoretical results demonstrate multi-droplet coalescence as a viable jumping droplet speed 
enhancement scheme.  
 
It is important to note, our theoretical analysis assumes that the complex fluid dynamics occurring 
during two-droplet coalescence is identical for multi-droplet coalescence (𝑛 > 2). This assumption 
implies that the same energy conversion inefficiencies, due to limited momentum transfer in the 
jumping direction for 2 coalescing droplets on a zero-adhesion surface, are present for 𝑛 
coalescing droplets, and that the proportionality constant 𝐶 ≈ 0.23 remains the same. 
 
2.3 Droplet Jumping with Droplet Size Mismatch  
 
In addition to coalescence induced jumping with identically sized droplets, jumping stemming 
from the coalescence of droplets with different initial radii is possible and frequent.[12-13,19] To 
analyze this process from a theoretical standpoint, we begin by analyzing inertial-capillary scaled 
jumping speed when coalescence of two droplets having radii 𝑅1 and 𝑅2 characterized by a droplet 
mismatch parameter 𝑘 = 𝑅2/𝑅1, occurs on a zero-adhesion surface. Re-casting Eq. (1) in terms of 
the change in surface energy from the initial-to-final state (𝑆i − 𝑆f), and the final volume of the 
jumping droplet (𝑉f), we obtain: 
𝑈 ~ [
𝑆i − 𝑆f
𝜌𝑉f
]
1
2
~[
6𝜎
𝜌𝑅
𝑓(𝑘)]
1
2
 , (4) 
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where  𝑅  is the normalized initial droplet radius (𝑅2  = 𝑅 , and 𝑅1  = 𝑘𝑅 ), and 𝑓(𝑘)  is the 
dimensionless energy conversion factor representing the ratio of the change in surface energy from 
initial-to-final state to the final droplet volume. For two droplet coalescence (Eq. 1 with 𝑛 = 2), 
the energy conversion factor can be expressed as a ratio between a surface energy factor (𝐹s) and 
a volume factor (𝐹v): 
𝑓(𝑘) =
1 + 𝑘2 − (1 + 𝑘3)
2
3
1 + 𝑘3
=
𝐹s
𝐹v
 . (5) 
By taking the derivative of Eq. (5) and solving for the global maximum (𝑑𝑓/𝑑𝑘 = 0), we find that 
contrary to previous assumptions, the jumping speed (Eq. 1) does not result in a maximum when 
droplets have equivalent radii (𝑘 = 1, Figure 3c). Since the jumping-droplet speed scales with the 
square root of the energy conversion factor (𝑈~[𝑓(𝑘)]1/2), the maximum jumping droplet speed 
is attained when 𝑘 = 0.85. To better understand this counter-intuitive result, we calculated the 
individual surface and volume factors (Figure 3d) as a function of 𝑘. Figure 3d shows that although 
droplets of non-equal radii result in diminished change in surface energy, they also lead to a smaller 
departing droplet volume. This delicate balance between the jumping driving potential (surface 
energy change) and final inertia (volume) explains the counter-intuitive result that coalescence 
between droplets of non-equal radii may result in higher jumping speeds than their equal radii 
counterparts. Note, although higher jumping speeds can be attained for two-droplet mismatch 
coalescence, they only occur for small mismatch parameters (0.7 < 𝑘 < 1). If 𝑘 < 0.7, the final 
droplet jumping speed diminishes to below the equivalent droplet radii case (𝑘 = 1).  
 
In an attempt to further generalize this result, we extended our inertial-capillary scaling based 
analysis to jumping of 𝑛  arbitrarily sized droplets. For 𝑛  droplets having radii 
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𝑅, 𝑘1𝑅, 𝑘2𝑅,… , 𝑘n−1𝑅, we can re-define our energy conversion factor as: 
𝑓(𝑘1, 𝑘2, … 𝑘n−1) =
1 + ∑ 𝑘i
2 − (1 + ∑ 𝑘i
3)n−1i=1
2
3𝑛−1
i=1
1 + ∑ 𝑘i
3n−1
i=1
=
𝐹s
𝐹v
 . (6) 
We showed that 𝑓 has a unique global maximum which occurs when 𝑘1 = 𝑘1  = … = 𝑘n−1 = 𝑘max 
see APPENDIX A, section A.2.). Figure 3e shows the optimum droplet mismatch  𝑘max , as a 
function of number of coalescing droplets 𝑛. The results indicate that the higher the number of 
droplets coalescing, the lower the optimum size mismatch parameter. Analogous to the two droplet 
case, we can intuitively understand this result as a balance between the surface energy change and 
final inertia. Multi-drop coalescence events (𝑛 > 2) with droplets having equivalent initial radii 
have higher final masses and inertia, as opposed to multi-drop coalescence with low droplet 
mismatch parameter (𝑘 < 1), which results in lower inertia and higher jumping speed. Interestingly, 
as 𝑛 → ∞ , 𝑘max → 0 , indicating that a single droplet coalescing with infinitely many small 
droplets will yield the highest jumping speed. This result makes sense as the high surface-to-
volume ratio of small droplets (𝑘 → 0) maximizes surface energy difference between initial to final 
state while simultaneously minimizing final volume.  
 
To better understand the magnitude of the jumping speed enhancement due to size mismatch, 
Figure 3f shows the theoretical jumping speed (𝑈max ) using the optimized droplet mismatch 
parameter (𝑘max) normalized by the jumping speed of droplets having equivalent radii (𝑈, 𝑘 = 1) 
as a function of number of 𝑛 (𝑈max/𝑈 = [𝑓(𝑘max)/𝑓(1)]
1/2). For typically observable droplet 
coalescence events (𝑛 < 5), coalescence of droplets having disparate radii can enhance the jumping 
speed by ≈10 %.  
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It is important to note that the droplet mismatch results do not oppose the equivalent-radii multi-
drop results of Figures 3a and b. The difference between the two approaches is subtle and lies in 
the physical considerations. In the case of 𝑛-droplet coalescence of a final departing droplet radius 
𝑅 (Figure 3a and b), it is indeed true that the maximum droplet jumping speed will be obtained by 
equally distributing the mass and surface energy between all 𝑛 -droplets. However, when 
considering coalescence between 𝑛 arbitrarily sized initial droplets, droplet mismatch will result 
in the maximum jumping speed. However, droplet mismatch will still yield lower jumping speeds 
than the equal-radii droplet case if the results are normalized to the final droplet radius.  
 
Similar to the precedent equivalent-radii multi-drop analysis, our droplet mismatch theoretical 
analysis assumes that the complex fluid dynamics occurring during two-droplet coalescence is 
identical in multi-droplet coalescence (𝑛 > 2) between droplets having disparate radii, and that the 
proportionality constant 𝐶 ≈ 0.23 remains the same. Considering that size mismatch should alter 
coalescence dynamics substantially, i.e. the axis of the expanding liquid bridge upon merging is 
no longer orthogonal to the substrate, the out-of-plane force causing the jumping may be reduced. 
Hence the droplet mismatch analysis is useful from a thermodynamic standpoint and needs to be 
proven experimentally. 
 
2.4 Droplet Jumping Mechanisms  
 
To experimentally demonstrate the jumping speed enhancement potential of multi-droplet 
coalescence, we first examined the long term statistical behavior of droplet coalescence and 
departure. To obtain the droplet size and number of droplets taking part in coalescence, we utilized 
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top-down microscopy (Figure 2a). Droplets nucleated within the nanostructures and, while 
growing beyond the confines of the structures, their apparent contact angle increased as they 
developed a balloon-like shape with a liquid bridge at the base.[45] This pinning behavior is 
consistent with the calculated preferred wetting state  𝐸∗ = −1/(𝑟 cos 𝜃a)  ≈ 0.2 < 1.[58] 
Furthermore, this formation of partially wetting droplets is crucial for maximizing individual 
droplet growth rates by minimizing the droplet-base thermal resistance.[45] Once droplets grew to 
diameters large enough to coalesce with neighboring droplets (5 < R < 30 μm), frequent out-of-
plane jumping was observed. Figure 4 shows sets of time-lapse images (before and after jumping) 
of condensation on the nanostructured CuO surface. In addition to two droplet coalescence, 
multiple droplet coalescence was regularly observed with 𝑛 = 3 (Figure 4b), 𝑛 = 4 (Figure 4c), and 
𝑛 = 5 (Figure 4d), droplets. All of the coalescence and jumping events shown in Figure 4 were 
results of innate coalescence due to droplets growing and contacting one another to initiate 
coalescence and jumping (multi-drop). Coalescence of multiple droplets resulted from a serial 
coalescence process which initiated from one droplet, and resulted in coalescence with neighbors 
farther away due to dynamic droplet deformation during the initial stages of coalescence. The 
clustering of nucleation sites due to the spatially random nucleation process resulted in batches of 
droplets (as many as 12) being removed at one time. 
 
In addition to multi-drop coalescence on the surface, droplet jumping initiated by droplets 
returning to the surface after departure was also observed. These droplets would jump away from, 
and return towards, the condensing surface due to external forces (gravity and vapor drag). Upon 
return, coalescence with one or more growing droplets on the surface would result in another 
jumping event. The droplet return mechanism in these experiments was mainly governed by 
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gravitational force due to the horizontally aligned samples with jumping occurring on top. 
However, additional return mechanisms exist that are not avoidable with surface orientation 
considerations, such as droplet entrainment in the local condensing vapor flow toward the surface 
(i.e., the flow required for mass conservation of the condensing vapor).[18,38] Figure 5 shows sets 
of time-lapse images before and after multi-hop jumping during condensation on the 
nanostructured CuO surface. Similar to the multi-drop mechanism, the multi-hop mechanism 
resulted in two droplet coalescence, as well as multiple droplet coalescence with 𝑛 = 3 (Figure 5b), 
𝑛 = 4 (Figure 5c), and 𝑛 = 5 (Figure 5d), droplets. The multi-hop events were identified by the 
appearance of a blurry circle in the field of view just prior to jumping, which marked the returning 
droplet moving towards the surface and entering the focal plane. Coalescence of multiple droplets 
(𝑛 > 2) during the multi-hop mechanism resulted from a serial coalescence process similar to the 
one identified for the multi-drop mechanism. 
 
2.5 Departing Droplet Distribution  
 
To develop a better understanding of droplet departure, we analyzed more than 1000 jumping 
events and classified them into the three departure mechanisms outlined above. Figures 6a and 6b 
show the number of jumping events as a function of the number of coalescing droplets (𝑛) per 
event for the multi-drop (including 𝑛  = 2) and multi-hop mechanisms, respectively. For the 
condensation conditions used in this study, the majority of droplets (≈53%) coalesced and departed 
from the surface via the classical two droplet mechanism. Approximately 36% of droplets 
underwent departure with more than two droplets coalescing (𝑛 > 2), while the remaining 11% of 
droplets were removed by the multi-hop mechanism. For the multi-drop mechanism, the 
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distribution (Figure 6a) was heavily weighted towards two-droplet jumping, with few jumping 
events (< 2%) having more than 5 droplets. In contrast to this, the multi-hop departure mechanism 
had a wider distribution mainly due to the larger diameter of returning droplets, which resulted in 
larger effective coalescence area and more serial coalescence events.  
 
To gain an understanding of which droplets contributed to the majority of coalescence and 
departure events, we plotted the number of jumping events as a function of droplet size distribution 
(Figure 6 insets). Droplets partaking in the multi-drop mechanism were smaller on average 
(Figure 6a inset, ?̅? = 7.04 µm, standard deviation 𝜎 = 4.43 µm) than droplets in the multi-hop 
mechanism (Figure 6b inset, ?̅? = 10.67 µm, standard deviation 𝜎 = 5.49 µm). The higher standard 
deviation for multi-hop departure was due to the larger size of the returning droplets, and a higher 
probability of them to coalesce with a wider number and size range of droplets on the surface.  
 
It is important to note, the minimum droplet departure sizes shown in Figure 6 (𝑅min ≈ 1 µm) are 
not representative of two droplets coalescing and departing at that given size. During our 
experiments, many jumping events occurred via serial coalescence with smaller neighboring 
droplets that were below the threshold size for classical two droplet jumping for this particular 
surface (𝑅 > 2 µm).[18,44] Furthermore, the statistical distributions of the droplet departure 
mechanisms presented here (Figure 6) are not generalizable to all jumping droplet surfaces. In fact, 
the distributions are only valid for this particular CuO surface for the supersaturation used in the 
experiment (𝑆 ≈ 1.02 ± 0.035). The use of different supersaturations led to varying condensation 
heat transfer rates, which altered the coalescence and return mechanisms. In particular, at low heat 
fluxes (𝑆 < 1.01), the majority of droplets (>92%) underwent the multi-drop jumping mechanism. 
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However, at high heat fluxes (𝑆 > 1.1), the vapor flow entrainment limitation became dominant, 
and droplet return to the surface was a major obstacle for droplet departure, resulting in a higher 
percentage of droplets (>25%) undergoing the multi-hop departure mechanism. 
 
2.6 Departure Mechanism Dependent Jumping Speed  
 
To study the experimental jumping droplet speed, and validate the theoretical multi-drop and multi-
hop speed enhancement potential (Eq. 1), we utilized the side view optical microscopy setup 
(Figure 2b). The side-view experiments were performed in identical experimental conditions as is 
the top-down case (𝑆 ≈ 1.02 ± 0.035). A simple linear fit was applied to the measured droplet 
trajectory to determine the jumping speed. The initial conditions prior to coalescence were difficult 
to ascertain using the single-camera side-view arrangement, especially for small droplet radii (𝑅 
< 10 µm). To overcome this, we classified jumping events based on the statistical behavior 
determined from the top-view analysis (Figure 6). The data acquisition frame-rate was high 
enough to clearly distinguish between multi-drop and multi-hop jumping events. Returning and 
departing droplets (multi-hop) were characterized before and after jumping, respectively. 
 
Due to the inability to perform our single-camera experiments simultaneously, i.e. initial 
conditions (droplet size and number) and jumping speed could not be measured simultaneously 
for individual events, we used statistical methods to correlate the behavior. By analyzing a large 
enough sample size (>1000 jumping events for the top-view experiments) and obtaining 
statistically significant trends, the two data sets from the independent single-camera measurements 
could be correlated to one another for identical experimental conditions. To identify important 
mediating factors controlling jumping speed, we first analyzed the top-view data using a 
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combination of measurements (Figure 6) and theory (Eq. 1) to help us provide causal factors for 
the trends observed in the side-siew experiments. Figure 7a and b show the calculated (Eq. 1) 
jumping speed as a function of the experimentally measured jumping droplet radius (Figure 6) for 
the multi-drop (including two-droplet) and multi-hop departure mechanisms, respectively. The 
experimentally measured departing droplet size was obtained from the top-view analysis by 
applying the conservation of mass to the droplets pre-coalescence and calculating the equivalent 
departure size post-coalescence. The results show that the theoretical jumping droplet departure 
speed, assuming that the two-droplet capillary-to-inertial energy conversion mechanism is 
identical for 𝑛 -droplets (Eq. 1), should be higher than that of the two-droplet case for a large 
fraction of coalescence events (≈ 89%). The majority of speeds are bounded between the 2 < 𝑛 < 
20 theoretical limits (≈ 84%), with some speeds even exceeding the 𝑛 = 20 limit (≈ 5%). In addition, 
the results show that a fraction of droplets (≈ 11%) should have speeds below what inertial-
capillary scaling would predict for 𝑛 = 2, due to the coalescence and departure of droplets with 
low droplet mismatch parameters (𝑘 < 0.7), and smaller released surface energy. 
 
Figure 8 shows the experimentally measured (side-view) droplet speed as a function of final 
droplet radius for the multi-drop and multi-hop departure mechanisms. The multi-drop results 
(Figure 8a) are in reasonable agreement the semi-experimental results of Figure 7a, indicating 
scatter in the data below and above the 𝑛 = 2 limit (Eq. 2) due to coalescence and jumping of 
droplets with unequal radii and multiple droplets (𝑛 > 2), respectively. Figure 8a also plots the 
numerically determined bounds on the two-droplet coalescence jumping speed, which is limited 
by the internally-generated out-of-plane momentum 𝑝z
+|max and 2𝑝z
+|max (shaded region).[13] 
The experimental results indicate that multi-drop coalescence can achieve droplet speeds above 
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the theoretical (Eq. 2) and numerically determined (shaded region) two-droplet speed. Indeed, 
when comparing our experimental results to those of a previous study employing both a single and 
a two-camera setup,[13] we obtain a higher jumping speed upper quartile for all droplet radii. 
Similar to our findings, the previous work[13] identified jumping speeds above the numerically 
predicted results for low droplet departure radii (𝑅 < 10 µm), due to the inability of the single 
camera setup to differentiate between two-droplet and multi-drop coalescence. It is important to 
note that a comparison of our measured droplet jumping speeds, which were obtained in non-
condensable leaden humid air, to previous experimentally measured jumping speeds obtained in a 
controlled chamber having pure water vapor, are valid due to the independence of the jumping 
speed on the surrounding gas pressure in the range of 1 to 101kPa.[13] 
 
Although the coalescence of droplets with non-equal radii accounts for a fraction of the scatter 
below the 𝑛 = 2 limit according to the statistical trends of Figure 7, it fails to account for all of the 
scatter, as many more droplets (≈ 49%) obtain lower jumping speeds than the predicted (≈ 11%) 
semi-experimental results (Figure 7a). The high scatter of the multi-drop results (Figure 8a) and 
lower than expected jumping speed cannot be attributed to the angular deviation of the droplet 
trajectories from the surface normal, as some studies have suggested. Analysis of the results 
revealed little correlation between the jumping speed and angular deviation from the surface 
normal, indicating that droplet jumping directionality was not related to increased droplet surface 
adhesion (see APPENDIX A, section A.3.). Furthermore, the lower than expected jumping speed 
was not due to viscous effects during coalescence and jumping of small droplets. While previous 
studies have suggested that the decreasing two-droplet jumping speed with decreasing droplet 
radius is due to internal viscous dissipation,[22,53,55,60,62-65] the jumping speeds in previous 
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works decrease faster than observed in our experiments in this range of 𝑂ℎ (𝑂ℎ =  𝜇/(𝜌𝜎𝑅)1/2 < 
0.1).[66] This observation implicates a surface interaction mechanism rather than a fundamental 
hydrodynamic limitation. To resolve the discrepancy between model and experiments, the complex 
emerging droplet wetting morphology needs to be carefully considered, which has previously been 
shown to affect the ability of droplets to jump during condensation on hierarchical 
superhydrophobic surfaces.[54] 
 
In addition to surface-droplet interactions, the lower jumping speeds for multi-drop coalescence 
can be explained by two factors. The theoretical framework used to compute the expected jumping 
speed (Figure 7a) assumed that the well-validated two-droplet capillary-to-inertial energy 
conversion mechanism is applicable to coalescence and jumping of more than two droplets. 
Although the surface-mediated symmetry breaking and internal flow momentum generation in the 
surface-normal direction is the dominant mechanism for droplet jumping in both cases, the 
magnitude of internal flow momentum generation may not be identical for both. The small fraction 
of the available excess surface energy (≈6%) being converted to useful internal flow momentum 
to provide the jumping droplet with translational kinetic energy should differ for 2, 3, 4, 5, … 𝑛 
droplets coalescing due to the varying initial condition and droplet configuration prior to 
coalescence. For example, the center of masses of 3 droplets coalescing may not be in line with 
each other, and may form a triangle, L-shape, or obtuse angle, resulting in different internal flow 
momentum generation (see APPENDIX A, section A.4.). The second, and related, reason for the 
lower experimentally measured jumping speeds is due to the serial nature of multi-droplet 
coalescence. Depending on the initial position of droplets on the surface, the coalescence event 
may not proceed instantaneously between all droplets. Coalescence may initiate with two droplets, 
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and continue in a serial manner with other neighboring droplets prior to departing the surface. The 
internal flow field of this serial process may create out of phase momentum components and result 
in a decreased net momentum in the surface-normal direction depending on the droplet center-to-
center spacings, sizes, and initial positions. 
More interesting are the results of Figure 8b, which clearly show that multi-hop coalescence, 
unlike multi-drop, results in a drastic reduction in jumping speed (when compared to the lower 
bound 𝑝z
+|max, of the numerical simulation) for the majority (≈ 77%) of departing droplet radii. A 
potential reason for the jumping speed reduction is due to the differing mechanism which governs 
droplet coalescence and jumping of multi-hop events. Two-droplet and multi-drop coalescence 
occurs in-plane with the surface (Figure 9a), resulting in surface-mediated symmetry breaking and 
internal flow momentum generation in the surface-normal direction.[13] However, multi-hop 
events induce out-of-plane coalescence (Figure 9b), and the momentum generation in the surface-
normal direction is due to lateral expansion in the z-direction and recoil from the wall. While the 
two momentum generation mechanisms are fundamentally different, they should be of the same 
order of magnitude. Indeed, depending on the location of the surface relative to the coalescence 
point, the departure speed in the in-plane direction has been shown to even exceed that of the out-
of-plane direction during condensation and droplet jumping on the pillar sides of a hierarchical 
superhydrophobic surface.[67] 
  
The main reason for the multi-hop jumping speed reduction is because the out-of-plane momentum 
generated from the coalescence event is reduced by the adverse momentum of returning droplets 
to the surface (Figure 9b). To prove this in a more rigorous fashion, we first considered the 
characteristic timescales of droplet return (𝜏m) and droplet coalescence (𝜏c). The droplet return 
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timescale is defined here as the characteristic time required for the droplet to reach the surface and 
impart some of its negative z-momentum to the superhydrophobic surface. If the coalescence 
timescale is much shorter than the droplet motion timescale (𝜏c ≪ 𝜏m), the negative z-momentum 
component from the returning droplet must be accounted for in the coalescence analysis and will 
not have time to reach the surface. The timescale for the returning droplet to reach the surface, just 
as it arrives to coalesce with droplets residing on the surface, scales as 𝜏m ~ 𝑅/𝑣t, where 𝑣t is the 
terminal velocity of the droplet returning to the surface just prior to the multi-drop coalescence 
event. For the experiments conducted here, the terminal velocity for droplets analyzed was 
measured to be 0.001 m/s < 𝑣t  < 3 m/s for droplets having radii 10 µm < 𝑅 < 50 µm. Once the 
droplet touches one or more droplets on the surface, it triggers coalescence in a serial manner, 
governed by the coalescence timescale 𝜏c ~ (𝜌𝑅
3/𝜎)1/2. Figure 9c shows the calculated motion 
and coalescence timescales as a function of jumping droplet radius. The droplet motion timescale 
was determined by calculating the droplet terminal velocity assuming Stokes flow past a sphere 
(𝑣𝑡  ~ 2𝜌𝑔𝑅
2/9𝜇 ), where 𝑔 and 𝜇 are the gravitational constant and water dynamic viscosity, 
respectively. The results indicate that the coalescence timescale is much shorter than the droplet 
motion timescale for all coalescence events, meaning that the negative z-momentum of the 
returning droplet must be taken into account when analyzing multi-hop jumping. 
 
To determine if a regime exists where the adverse momentum from returning droplets does not 
reduce the jumping speed, we determined the droplet radius when the two timescales approach one 
another (𝜏𝑐 ~ 𝜏m) and solved for the critical radius: 
𝑅c ~ (
81𝜇2𝜎
4𝜌2𝑔2
)
1
5
 . (7) 
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For water condensing in a moist air medium, we computed the critical radius to be 𝑅c ≈ 870 µm 
which is well above the typical observed droplet jumping radii (5 µm < 𝑅 < 50 µm). 
 
To better understand the magnitude of the adverse momentum imparted on the jumping droplets 
via droplet return, we analyzed side-view all multi-hop experimental data by characterizing the 
returning droplet mass (𝑚r = 4/3𝜋𝑅r
3), the returning droplet speed (𝑣t) just prior to coalescence 
and multi-hop jumping, the final jumping droplet mass (𝑚 = 4/3𝜋𝑅3), and the final multi-hop 
jumping droplet speed (𝑈 ). By calculating the adverse momentum percent (𝜂m ) for multi-hop 
jumping, defined as the ratio of the momentum of the returning droplet ( 𝑝z =  −𝑚𝑟𝑣𝑡) to the 
theoretical upward momentum ( 𝑝z,f = 𝑚𝑈) without the returning droplet (𝜂m = −𝑚𝑟𝑣𝑡/𝑚𝑈), we 
can obtain a quantitative understanding of the percent reduction in jumping direction momentum 
due to droplet return. The theoretical upward momentum without the returning droplet was 
approximated by assuming two equal sized droplet coalescence based on the final measured 
droplet size (𝑅i = (𝑅
3/2)1/3), and the experimentally validated inertial-capillary scaled jumping 
speed, (𝑈 = 0.23√𝜎/𝜌𝑅i). Figure 9d shows the adverse momentum percent (𝜂m= 𝑝z/ 𝑝z,f) as a 
function of returning droplet momentum (𝑝z), indicating that the majority of multi-hop jumping 
events had > 20% reduced momentum in the jumping direction, and hence 20% reduced jumping-
speed, when compared to their two-droplet jumping counterparts. Furthermore, the wide range in 
adverse momentum percent explains the wide scatter of the multi-hop jumping speeds (Figure 8b) 
as the high and low adverse momentum events were individually matched with low and high 
jumping speeds, respectively. 
 
It is important to note, the adverse momentum for multi-hop jumping does not imply that multi-
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hop coalescence may not enhance the jumping speed, as some droplet velocities exceeded the 𝑛 > 
2 limit by undergoing coalescence of droplets both out-of-plane and in-plane due to serial 
coalescence. However, on a statistical basis, the majority of multi-hop events lowered the jumping 
droplet speed and should be avoided for applications where droplet removal is critical such as high 
heat flux condensation heat transfer. 
 
2.7 Effect of Jumping Droplet Critical Heat Flux  
 
One of the main limitations for jumping-droplet condensation heat transfer is progressive flooding, 
characterized by the entrainment of droplets in the local condensing vapor flow back toward the 
surface.[59,68] Upon return, droplets can undergo the multi-hop coalescence mechanism, or they 
can coalesce and remain on the surface, growing larger in size, and impeding heat transfer until 
they either jump again or finally shed due to gravity. This poses the problem of removing the 
droplets from the condensing surface at the microscale in order to enhance heat transfer. A potential 
method to overcome the adverse vapor drag and progressive flooding is via multi-drop jumping 
speed enhancement. If the jumping speed can be increased, the momentum perpendicular to the 
surface and opposite of the local condensing vapor can be increased, and the progressive flooding 
limit can be delayed to higher condensation critical heat fluxes. 
 
To study the effects of the three identified departure mechanisms and speed enhancement on the 
overall condensation heat transfer, we first developed an analytical model of downward (with 
gravity) droplet jumping from a tube condenser that couples the transient jumping droplet 
trajectory with condensing vapor flow due to mass conservation (Figure 10a, see APPENDIX A, 
section A.5.). Figure 10b shows the condensation critical heat flux (𝑄"C ) required to return 
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departing droplets for radii, 𝑅j = 10, 15, and 20 µm, to the condensing surface as a function of 
speed enhancement factor 𝜂v, defined as the jumping droplet speed normalized by the inertial-
capillary scaled speed (𝜂v = 𝑈/(0.23√𝜎/𝜌𝑅j) ). For small droplets (𝑅j = 10 µm), drag force 
dominates, and inertia is negligible, hence the droplet cannot escape the vapor flow drag force and 
is entrained and brought back to the surface. Due to the low droplet Reynolds numbers in this 
regime (𝑅j < 10 µm), the effect of increasing initial speed 𝑈 results in a small increase in the 
critical heat flux. However, for larger droplets (𝑅j = 15 and 20 µm), inertia is able to propel the 
droplet easily away from the surface, hence the critical heat flux increment is more accentuated. 
For larger droplets (𝑅j = 20 µm), enhancing the jumping-droplet speed by 50% (𝜂v = 1.5) can 
result in a critical heat flux performance enhancement of 40%. However, if multi-hop departure is 
dominant (𝜂v < 1), the critical heat flux performance degrades below the nominal two-droplet 
jumping droplet case.  
  
2.8 Effect on Jumping Droplet Steady State Condensation Heat Transfer  
 
To study the impact of the gradual increase in average droplet size on the condensing surface, i.e., 
progressive flooding, we used our previously developed model that incorporates thermal 
resistance-based droplet growth, the emergent droplet wetting morphology, and droplet 
distribution theory (see APPENDIX A, section A.6.).[45,47] Figure 10c shows the overall steady-
state condensation heat flux (𝑄"T) on a flat surface undergoing jumping-droplet condensation as a 
function of jumping droplet radius, 𝑅j. The jumping droplet surface with a departure radius of 𝑅j 
= 5 μm serves as an upper bound for heat transfer performance. As the droplet departure radius 
increased, the condensation heat transfer degraded due to the presence of larger droplets on the 
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surface whose growth is heat conduction limited.[45] The results show that increasing the jumping 
droplet size from 𝑅j = 10 μm to 𝑅j = 20 μm degraded the condensation performance by 15%, 
indicating the importance of removing droplet from the surface for optimum performance. To 
clearly demonstrate the importance of minimizing the droplet radii on the surface, Figure 10d plots 
the cumulative surface condensation heat flux (𝑄"/𝑄"T) as a function of droplet radius on the 
surface (𝑅), for varying droplet departure  radii (𝑅j). Note, the droplet radius 𝑅 is defined as the 
radius of a droplet residing and growing on the condensing surface prior to coalescence and 
departure (𝑅c < 𝑅 < 𝑅j, where 𝑅c is the critical nucleation radius for heterogeneous condensation 
of water vapor). The majority of the heat removed (> 80%) during condensation occurs for small 
droplets having 𝑅 < 5 µm for all jumping droplet radii considered, indicating the need to minimize 
droplet departure radii. However, for 𝑅 < 1 µm, the cumulative heat flux behavior differs markedly 
from 𝑅 > 1 µm, showing that only ≈ 20% of the total heat flux is removed by droplets within this 
population range. This relatively low cumulative heat flux for this population range (with low 
conduction resistance) can be attributed to the increasingly dominant droplet curvature resistance 
at small length scales. 
 
The outcomes of this work support the findings that, unlike previous studies suggest, return of 
droplets for multi-hop jumping is highly disadvantageous, and multi-drop jumping (including two 
droplet) is the desired mechanism for enhancing the jumping speed, and therefore increasing the 
heat transfer performance and delaying progressive flooding. One potential method to rationally 
design jumping droplet systems to ensure multi-drop departure and eliminate multi-hop 
coalescence utilizes an external electrode with an applied electric field in order to attract positively 
charged departing droplets away from the superhydrophobic surface and eliminate droplet return. 
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Termed electric-field-enhanced (EFE) condensation,[59,68] this method has already been shown 
to enhance heat transfer on jumping droplet surfaces by as much as 50% when compared to its no-
field counterpart. From a surface design standpoint, a potential method to further enhance multi-
drop coalescence and jumping is through the spatial control of nucleation sites. By designing a 
surface with well-ordered hydrophilic defects in combination with hierarchical roughness, the 
nucleation behavior and departure dynamics can be altered to favor multi-drop coalescence.[19,69] 
It is important to note that, although multi-drop coalescence on superhydrophobic surfaces has the 
ability to enhance performance, these surfaces cannot currently be used for high heat flux 
applications (> 10W/cm2) due to nucleation-density-mediated flooding of the surface.[18,47,59] 
 
In the future, it would be interesting to study the coalescence timescales of multiple droplets in 
view of droplet electrostatic charging. Longer timescales (due to serial coalescence) may diminish 
electrostatic charging and decrease the efficacy of EFE condensation. Furthermore, it would be 
interesting to study the effect of coalescence and jumping of droplet having disparate radii. 
Although briefly discussed here as the source of scatter in our jumping speed data, and as a 
potential jumping speed enhancement scheme, the fundamental understanding of jumping speed 
and direction for different sized droplets remains poorly understood. Better understanding of this 
process can be achieved with two-camera high speed imaging,[28] or with high fidelity numerical 
simulations of droplet coalescence.[13,15,70] Lastly, in an effort to shed more light on reduced 
jumping speeds, it would be interesting to perform direct numerical simulations of the multi-hop 
mechanism in order to resolve the complex internal flows and momentum transfer generated 
during the coalescence event. 
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2.9 Figures 
 
  
 
Figure 1. Field emission scanning electron micrographs (Hitachi model S-4800) of (a) a 
10 min oxidized nanostructured CuO surface, and (b) a CuO surface coated with a ≈50 nm thick 
layer of P2i fluoropolymer. The sharp, knife-like CuO structures have characteristic heights, 
ℎ ≈ 1 μm, solid fraction, 𝜑 ≈ 0.04, and roughness factor, 𝑟 ≈ 10. The macroscopically measured 
advancing apparent contact angle on the clean superhydrophilic and superhydrophobic CuO 
surfaces was 𝜃𝑎
𝑎𝑝𝑝
 ≈ 0° and 𝜃𝑎
𝑎𝑝𝑝
 ≈ 170.5 ± 7.2°, respectively. 
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Figure 2. Schematic of the (a) top-view and (b) side-view experimental setups. The side view-
setup was used to study droplet jumping velocities as a function of departing diameter, while the 
top-view setup was used to study temporal droplet distributions, classify jumping events as two-
droplet, multi-drop, or multi-hop, and obtain droplet radii just prior to coalescence. (c) Side-view 
and (d) top-view representative images obtained by the setups. High speed movies were recoded 
ranging from 30 to 300,000 frames per second. Experimental conditions: stage and sample 
temperature 𝑇w = 1 ± 0.5°C, ambient air temperature 𝑇air = 22 ± 0.5°C, vapor temperature 
𝑇v = 𝑇sat(𝛷𝑃sat(𝑇air)) = 2.5 ± 0.5°C, relative humidity 𝛷 = 28 ± 1%, and supersaturation 
𝑆 =  [𝛷𝑃sat(𝑇air)]/𝑃sat(𝑇w) = 1.02 ± 0.035. The relative humidity of the laboratory air could 
vary up to ± 10% over the course of a day. To ensure stable humidity conditions, the experiments 
were conducted in hour-long segments when 𝛷 reached 28%, and ended when 𝛷 exceeded 30% 
or fell below 26%. Schematics not to scale. 
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Figure 3. (a) Theoretical initial coalescence-induced jumping droplet speed (𝑈, Eq. 2) as a 
function of number of identical coalescing droplets (𝑛) for different departing droplet radii (𝑅). 
(b) Theoretical jumping-droplet enhancement factor (𝜂j = (𝑈n=m − 𝑈n=2)/𝑈n=2) as a function 
of number of identical coalescing droplets (𝑚). Smaller jumping droplets have higher multi-drop 
enhancement factors due to their higher surface-energy to volume ratios. The theoretical upper 
limit for jumping droplet speed enhancement was calculated (using Eq. 2 and 𝑚 → ∞) to be 𝜂j =
1.96 (or 196%). (c) Energy conversion factor (𝑓, Eq. 5) for 𝑛 = 2 droplets as a function of 
droplet mismatch parameter (𝑘 = 𝑅2/𝑅1). For a given radius (𝑅) of one of the droplets before 
coalescence (inset), 𝑓 peaks at a value of 𝑘max = 0.85, indicating that if we have 2 droplets with 
radii 𝑅1 and 𝑅2, the maximum jumping speed occurs for 𝑅2 = 0.85𝑅1, or vice versa. (d) Energy 
conversion factor (blue line, 𝑓 = 𝐹s/𝐹v, Eq. 5), surface factor (red line, 𝐹s) and volume factor 
(green line, 𝐹v), for the case of two droplet coalescence (𝑛 = 2) in terms of the droplet mismatch 
parameter (𝑘). Maximizing 𝐹s/𝐹v determines the maximum jumping speed for 𝑛 droplets before 
coalescence since 𝑈~𝑓1/2. (e) Optimal droplet mismatch parameter (𝑘max) for 𝑛 - 1 droplets 
coalescing with a droplet of radius 𝑅 that induces the maximum jumping speed. Inset: schematic 
of 5 droplet coalescence with a large droplet of radius 𝑅1 = 𝑅, and 4 others of radii, 𝑅2 = 𝑅3 = 𝑅4 
= 𝑅5 = 𝑘max𝑅. (f) Ratio of the optimum speed, 𝑈max (corresponding to 𝑘max) to the speed 
resulting from all droplets having the same radius 𝑅 before coalescence, 𝑈, in terms of the 
number of droplets coalescing, 𝑛 (𝑈max/𝑈R  = (𝑓(𝑘max)/𝑓(1))
1/2). 
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Figure 4. False color time-lapse images captured top-view optical microscopy (Figure 2a) of 
steady-state water condensation on the superhydrophobic CuO surface. The images show 
(a) two-droplet and (b-d) multi-drop coalescence having (b) 3, (c) 4, and (d) 5 droplets. Red false 
color was used to identify droplets which partake in jumping events, with each set of images 
showing the surface just prior to (left image), and right after (right image) droplet coalescence 
and departure. Images captured with a high-speed camera frame rate of 1000 frames per second. 
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Figure 5. False color time-lapse images captured top-view optical microscopy (Figure 2a) of 
steady-state water condensation on the superhydrophobic CuO surface. The images show multi-
hop coalescence having (a) 2, (b) 3, (c) 4, and (d) 5 droplets. Blue false color was used to 
identify droplets which partake in jumping events, with each set of images showing the surface 
just prior to (left image), and right after (right image) droplet coalescence and departure. Images 
captured with a high-speed camera frame rate of 1000 frames per second. The multi-hop events 
were identified by blurry circle in the field of view just prior to jumping (most clear in (b)), 
which marked the returning droplet moving towards the surface and entering the focal plane. 
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Figure 6. Number of jumping events as a function of number of coalescing droplets (𝑛) for 
(a) two-droplet and multi-drop, and (b) multi-hop coalescence mechanisms. The majority of 
droplets (53%) underwent two-droplet coalescence and jumping, with an additional 36% and 
11% partaking in multi-drop and multi-hop coalescence, respectively. Insets: Droplet size 
distributions showing number of jumping events versus droplet radii. Droplets partaking in the 
multi-drop mechanism were smaller on average (average radius ?̅? = 7.04 µm, standard deviation 
𝜎 = 4.43 µm) than the multi-hop mechanism (average radius ?̅? = 10.67 µm, standard deviation 
𝜎 = 5.49 µm). The higher standard deviation for multi-hop departure was due to the larger 
average size of the returning droplets resulting in more coalescence events and hence higher 
probability to coalesce with a wider size range of droplets. Data was obtained using the top-view 
experimental imaging setup (Figure 2a). 
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Figure 7. Calculated (Eq. 2) jumping droplet speed as a function of experimentally measured 
jumping droplet radii for (a) two-droplet, multi-drop and (b) multi-hop departure. The 
experimentally measured departing droplet size (symbols) was obtained from the top-view 
analysis using the top-view imaging technique (Figure 6) by applying the conservation of mass 
to coalescing droplets and calculating the departure size. The theory results (lines) assumed that 
all droplets have equivalent radii (𝑅eff) pre-coalescence, which was calculated using the 
conservation of mass given the departing droplet radius (𝑅exp) and the number of coalescing 
droplets (𝑛 = 2 and 20). Using the calculated initial droplet radii (𝑅eff = 𝑛
1/3𝑅exp) and 𝑛, the 
theoretical jumping droplet speed was determined with Eq. (2). The result show that the 
theoretical departure speed should be higher than that of the two-droplet case for a large fraction 
of coalescence events. The majority of velocities are bounded between 2 < 𝑛 < 20. In addition to 
excellent agreement with theory, the results show that many droplets should have velocities well 
below what inertial-capillary scaling would predict for 𝑛 = 2, due to the coalescence and 
departure of two droplets with different radii. The larger the radii discrepancy, the smaller the 
released surface energy for the final departing droplet. The error bars for the measured radii are 
smaller than the symbol size (< 1 µm) and are not shown. 
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Figure 8. Experimentally measured droplet jumping speed as a function of final droplet radius 
for the (a) two-droplet, multi-drop and (b) multi-hop departure. The theory result (solid line) 
assumed two-droplet coalescence with both droplets having equivalent radii (𝑅eff) pre-
coalescence, which was calculated using the conservation of mass for each 𝑅exp. The theoretical 
jumping droplet speed was determined with Eq. (2). The multi-drop results agree well with the 
semi-experimental results (Figure 7a), indicating scatter in the speed data below and above the 𝑛 
> 2 limit due to coalescence of droplets with nonequal radii at non-normal angles from the 
surface. The results show that multi-hop coalescence, unlike multi-drop, results in a reduction in 
jumping speed (when compared to the 𝑛 > 2 limit) for the majority of departing droplet radii. 
The speed reduction occurs because multi-hop coalescence must overcome the adverse 
momentum of returning droplets to the surface, further reducing the momentum budget directed 
away from the surface post coalescence. Note, distinction between the two-droplet and multi-
drop results was not possible given the single camera side-view imaging technique (Figure 2b) 
used to obtain the experimental data. Error bars are not shown due to the high density of the data. 
The error upper bound is approximately 20% of the measured speeds.  
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Figure 9. Schematic depicting the (a) two-droplet and (b) multi-hop coalescence and jumping. 
The left and right frames of each image represent the system and the associated momentum 
components just prior to and right after jumping, respectively. Two-droplet and multi-drop 
jumping involves symmetry breaking during the coalescence process and recoil from the surface 
with a momentum component 𝑝z = −𝑚𝑈 imparted on the surface, and 𝑝z = +𝑚𝑈 imparted on 
the droplet. Multi-hop departure involves the same process, however jumping is initiated via 
coalescence of a returning droplet traveling towards the surface at terminal velocity (𝑣t),  having 
a negative z-momentum 𝑝z = −𝑚r𝑣t that acts as a momentum sink from the departing droplet, 
and reducing the jumping speed. (c) Coalescence and droplet motion timescales (𝜏) as a function 
of droplet radius (𝑅). The droplet motion timescale (𝜏m) is determined by calculating the droplet 
terminal velocity assuming Stokes flow past a sphere (𝑣t ~ 2𝜌𝑔𝑅
2/9𝜇). (d) Experimentally 
determined adverse momentum percent (𝜂m) for multi-hop jumping, defined as the ratio of the 
momentum of the returning droplet ( 𝑝𝑧 = −𝑚𝑟𝑣𝑡) to the theoretical upward momentum 
( 𝑝z =  𝑚𝑈) without the returning droplet (𝜂m = −𝑚𝑟𝑣𝑡/𝑚𝑈). The data was obtained by 
analyzing all multi-hop events from the side-view imaging results (Figure 2b) for the returning 
droplet radius (𝑅r), speed (𝑣t), final departing droplet size (𝑅) and speed (𝑈). The theoretical 
upward momentum without the returning droplet was determined by assuming two equal sized 
droplet coalescence based on the final departing droplet size (𝑅i = (𝑅
3/2)1/3), and inertial-
capillary scaling (𝑈 = 0.23√𝜎/𝜌𝑅i). Error bars were calculated with the propagation of error for 
the measured returning droplet radius (±10%) and speed (±15%). 
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Figure 10. (a) Schematic of the condensation critical heat flux model showing a droplet 
(blue circle of radius 𝑅j) jumping downwards from a cylindrical tube of radius 𝑅1 = 3 mm, with 
corresponding vapor velocity, 𝑢v (see APPENDIX A, section A.5. for model details). (b) 
Jumping-droplet condensation critical heat flux (𝑄"C) as a function of speed enhancement 
factor 𝜂v = 𝑈/(0.23√𝜎/𝜌𝑅). The critical heat flux is found by simulating the droplet equations 
of motion in the vapor flow field. The simulations were done for droplets having jumping radii 
of 10, 15, and 20 µm. (c) Theoretical steady-state jumping-droplet condensation heat flux (𝑄"T) 
as a function of droplet departure radius 𝑅j (see APPENDIX A, section A.6. for model details). 
The heat flux decreases as 𝑅j increases due to the presence of larger droplets on the surface, 
which are conduction limited. (d) Cumulative steady-state jumping-droplet condensation heat 
flux 𝑄"/𝑄"T as a function of droplet radius 𝑅 residing on the surface, and jumping droplet radii 2 
< 𝑅j < 20 µm. The cumulative heat flux shows that the majority of the heat transfer (>80%) 
occurs through droplets having radii 𝑅 < 5 µm due to the highly spherical shape of droplets on 
superhydrophobic surfaces, and hence the larger conduction resistance through them. The results 
suggest the need for efficient droplet removal during jumping-droplet condemnation to optimize 
heat transfer, specifically, favoring two-droplet and multi-drop removal and eliminating multi-
hop removal. 
 
a b
c d
Multi-Hop
Multi-Drop
38 
 
CHAPTER 3: CONCLUSIONS 
 
In summary, we theoretically and experimentally demonstrated multi-droplet (>2) coalescence as 
a potential avenue to break the two-droplet coalescence speed limit (≈0.23𝑈 ). We studied 
coalescence induced droplet jumping over a wide parameter space using a combination of water 
condensation experiments on a nanostructured superhydrophobic surface. Using a combination of 
side-view and top-view high-speed imaging to study more than 1000 jumping events, we verify 
that droplet jumping occurs due to three fundamentally different removal mechanisms: 
1) coalescence between 2 neighboring droplets, 2) coalescence between more than 2 neighboring 
droplets, and 3) coalescence between 1 or more droplets on the surface and a returning droplet that 
has already departed. We measured droplet-jumping speeds from the condensing surface for a 
variety of droplet departure diameters (5-100 µm), and showed that although multi-drop 
coalescence events were able to obtain velocities well above the theoretical two-droplet limit 
(≈0.23𝑈), multi-hop coalescence resulted in reduced departure velocities due to the out of plane 
coalescence and reduced momentum transfer for jumping. Our results show that only multi-drop 
departure is advantageous for enhancing jumping-droplet system performance while, in contrast 
to previous studies, multi-hop departure is not-desired due to lower departure speed and higher 
likelihood of droplet pinning. Our results elucidate the coupled nature between the three identified 
droplet removal mechanisms and their associated droplet distributions, and suggest avenues to 
rationally design jumping droplet surfaces and systems to take advantage of this effect. This work 
provides a starting point for the design of enhanced performance jumping droplet surfaces for 
thermal management, water and energy harvesting, and self-cleaning applications. 
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APPENDIX A: Supporting Information 
 
A.1. Jumping Droplet Speed Derivation  
 
For water droplets of radii 𝑅 > 2 μm, coalescence is governed by an inertially limited viscous 
regime at low neck radii 𝑅min/𝑅 < Oh, where 𝑅min is the radius of the neck connecting the two 
coalescing droplets, and Oh  is the characteristic droplet Ohnesorge number defined by 
Oh =  𝜇w/(𝜌w𝛾𝑅)
0.5 and by an inertial regime at larger neck radii (𝑅min/𝑅 > Oh). Due to the 
relatively low Ohnesorge number, Oh ≈ 0.02 to 0.1, the majority of droplet coalescence (>90% for 
𝑅 = 2 μm) occurs in the inertial regime where the time scale is governed by a capillary-inertial 
scaling.[1] By balancing the excess surface energy and kinetic energy of the jumping droplet, we 
can obtain the characteristic scaling for the droplet velocity.[2-4] Assuming coalescence between 
𝑛 droplets on a surface having zero adhesion, and applying the conservation of energy between the 
initial (pre-coalescence) and final state (post coalescence and jumping) we obtain: 
∑𝑆𝐸𝑖,𝑗 ≅ 𝑆𝐸𝑓 + 𝐾𝐸
𝑛
𝑗=1
 , (A1) 
where 𝑆𝐸𝑖,𝑗 is the surface energy of the 𝑗
𝑡ℎcoalescing droplet just prior to coalescence, 𝑆𝐸𝑓 is the 
final surface energy of the jumping droplet, and 𝐾𝐸 is the kinetic energy of the jumping droplet 
just after coalescence. The surface and kinetic energies can be computed as follows: 
𝑆𝐸 = 4σπ𝑅2 , (A2) 
𝐾𝐸 =
1
2
𝑚𝑈2 , 
(A3) 
where σ, R, m, and U are the droplet surface tension (≈72 mN/m for water), radius, jumping droplet 
mass, and initial jumping droplet speed, respectively. Substituting Eq. (A2) and (A3) into Eq. (A1), 
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we obtain: 
4σπ𝑅𝑖,1
2 + 4σπ𝑅𝑖,2
2 +⋯+ 4σπ𝑅𝑖,𝑛
2 ≅ 4σπ𝑅𝑓
2 +
1
2
𝑚𝑈2 , (A4) 
where 𝑅𝑖,𝑛 and 𝑅𝑓 are the radii of the 𝑛
𝑡ℎ coalescing droplet just prior to coalescence and the 
jumping droplet just after coalescence, respectively. To further simplify Eq. (A4), we apply the 
conservation of mass to the system: 
∑𝑚𝑖,𝑗 = 𝑚𝑓
𝑛
𝑗=1
 , (A5) 
where 𝑚𝑖,𝑗 and 𝑚𝑓 represent the masses of the 𝑗
𝑡ℎcoalescing droplet just prior to coalescence, and 
the jumping droplet just after coalescence, respectively. Since the density of water droplets remains 
the same from the initial to final state, the conservation of volume can be applied: 
4
3
π𝑅𝑖,1
3 +
4
3
π𝑅𝑖,2
3 +⋯+
4
3
π𝑅𝑖,𝑛
3 ≅
4
3
π𝑅𝑓
3 . (A6) 
Back substituting Eq. (A6) into Eq. (A4), we obtain: 
4σπ∑𝑅𝑖,𝑗
2
𝑛
𝑗=1
≅ 4σπ(∑𝑅𝑖,𝑗
3
𝑛
𝑗=1
)
2
3 +
1
2
𝑚𝑈2 (A7) 
Applying the conservation of mass to solve for 𝑚:  
4
3
𝜌𝜋 (∑𝑅𝑖,𝑗
3
𝑛
𝑗=1
) = 𝑚 , (A8) 
and substituting Eq. (A8) into Eq. (A7) and rearranging, we obtain the theoretical initial jumping 
velocity as: 
𝑈 = √
6𝜎
𝜌
[
∑ 𝑅𝑖
2𝑛
𝑖=1 − (∑ 𝑅𝑖
3𝑛
𝑖=1 )
2
3
∑ 𝑅𝑖
3𝑛
𝑖=1
] ;  (n ≥ 2)   (A9) 
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A.2. Optimization of the Jumping Speed of 𝑛 Coalescing Droplets with Radius Mismatch  
 
Equation (A9) shows the speed of the droplet resulting from the coalescence of 𝑛 droplets of 
different radii.  For 𝑛 droplets having radii 𝑅, 𝑘1𝑅, 𝑘2𝑅,… , 𝑘n−1𝑅, Eq. (A9) becomes: 
𝑈 = √
6𝜎
𝜌𝑅
𝑓(𝑘1, 𝑘2, … 𝑘𝑛−1) ; (𝑛 ≥ 2)  , (A10) 
where 
𝑓(𝑘1, 𝑘2, … 𝑘𝑛−1) =
1 + ∑ 𝑘𝑖
2 − (1 + ∑ 𝑘𝑖
3)𝑛−1𝑖=1
2
3𝑛−1
𝑖=1
1 + ∑ 𝑘𝑖
3𝑛
𝑖=1
 . (A11) 
In order to optimize this function (Eq. A11) for any number of coalescing droplets 𝑛, we first 
determine the critical points satisfying the first order condition: 
𝜕𝑓
𝜕𝑘𝑗
= (𝐴3
−4 3⁄ − 3
𝐴2
𝐴3
)𝑘𝑗
2 +
2
𝐴3
𝑘𝑗 , (A12) 
where 1 ≤ 𝑗 ≤ 𝑛 − 1 and: 
𝐴3 = 1 +∑𝑘𝑖
3
𝑛−1
𝑖=1
 , (A13) 
𝐴2 = 1 +∑𝑘𝑖
2
𝑛−1
𝑖=1
 . (A14) 
Solving for the critical points by partial differentiation: 
𝜕𝑓
𝜕𝑘𝑗
= 0 , (A15) 
we obtain a system of 𝑛-1 equations and 𝑛-1 unknowns (𝑘𝑗 ≠ 0): 
46 
 
{
 
 
 
 
 
 
 
 (𝐴3
−4 3⁄ − 3
𝐴2
𝐴3
)𝑘1 =
2
𝐴3
(𝐴3
−4 3⁄ − 3
𝐴2
𝐴3
)𝑘2 =
2
𝐴3…
…
…
(𝐴3
−4 3⁄ − 3
𝐴2
𝐴3
)𝑘𝑛−1 =
2
𝐴3
 (A16) 
From the system of equations (Eq. A16), we deduce that the critical point occurs at 𝑘1 = 𝑘2 =
⋯ = 𝑘𝑛−1. Hence the equation to be solved is: 
𝑔𝑛−1(𝑘1) = (1 + (𝑛 − 1)𝑘1
3)−
4
3⁄ − 3
1 + (𝑛 − 1)𝑘1
2
1 + (𝑛 − 1)𝑘1
3) 𝑘1 −
2
1 + (𝑛 − 1)𝑘1
3 = 0. (A17) 
Numerically, this equation allows one solution for any 𝑛 − 1 (see Figure A1). In order to determine 
whether this critical point is a maximum, minimum, or neither (for 𝑛 − 1 ≥ 2), we calculated the 
Hessian matrix 𝐻 for this function: 
𝐻 =
(
  
 
𝜕2𝑓
𝜕𝑘1
2 ⋯
𝜕2𝑓
𝜕𝑘1𝜕𝑘𝑛−1
⋮ ⋱ ⋮
𝜕2𝑓
𝜕𝑘𝑛−1𝜕𝑘1
⋯
𝜕2𝑓
𝜕𝑘𝑛−1
2 )
  
 
 (A18) 
For diagonal entries, 1 ≤ 𝑗 ≤ 𝑛 − 1, we obtain: 
𝜕2𝑓
𝜕𝑘𝑗
2 = (9
𝐴2
𝐴3
2 − 4𝐴3
−7 3⁄ )𝑘𝑗
4 −
6
𝐴3
(1 +
1
𝐴3
) 𝑘𝑗
3 − 2(𝐴3
−4 3⁄ + 3
𝐴2
𝐴3
) +
2
𝐴3
 (A19) 
 And for the non-diagonal entries, 1 ≤ 𝑗 ≤ 𝑛 − 1 and 𝑙 ≠ 𝑗, we obtain: 
𝜕2𝑓
𝜕𝑘𝑗𝜕𝑘𝑙
= −(4𝐴3
−7 3⁄ + 9
𝐴2
𝐴3
2) 𝑘𝑗
2𝑘𝑙
2 +
6
𝐴3
𝑘𝑗
2𝑘𝑙 −
6
𝐴3
𝑘𝑗𝑘𝑙
2 (A20) 
Numerically, the Hessian matrix has been shown to be negative definite at the critical point for 
each 𝑛 − 1 (all eigenvalues were strictly negative) which confirms that for any given 𝑛 − 1 the 
critical point is a maximum for 𝑓. 
47 
 
 
Figure A1. Plot of the function 𝑔𝑛−1(𝑘1) (Eq. A17) for 𝑛 = 2, 6, 11, and 51. The graph shows that the 
function has only one root for any 𝑛, which implies that the function 𝑓 (Eq. A11) has only one 
critical point for any number of droplets 𝑛. 
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A.3. Jumping Speed Angular Dependence  
 
To study the effect of droplet departure direction on jumping speed, we analyzed all of our side 
view imaging data and binned the data according to the departure angle from the surface parallel 
(x-y-plane) in 10 degree increments. Figure A2 shows the droplet jumping speed as a function of 
droplet radius for different departure angles (90° is perpendicular to the surface). The data 
indicated that little correlation exists between departure angle and jumping speed, indicating that 
surface adhesion is not increased as the departure direction deviates from the surface-normal. 
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Figure A2. Experimentally measured coalescence induced jumping droplet speed (𝑈exp) as a 
function of final departing droplet radius (𝑅exp) for different departure angles (𝜃) having 
(a) multi-drop and (b) multi-hop departure. The multi-drop departure data includes two-droplet 
coalescence and jumping. Departing angles of 90° correspond to droplet jumping normal to the 
surface (inset images). The results indicate little correlation between jumping speed and 
departure angle. Error bars are not shown due to the high density of the data. The error upper 
bound is approximately 20% of the measured speeds. All data was obtained with the side view 
experimental setup (Figure 2b).  
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A.4. Multi-Drop Departure Initial Conditions  
 
A potential explanation for the lower than expected jumping speeds for multi-drop jumping is 
related to the initial condition of the coalescence event just prior to jumping. For example, the 
center of masses of 3 droplets coalescing may not be in line with each other (Figure A3a), and may 
form an L-shape (Figure A3b), a triangle (Figure A3c), or an obtuse angle (Figure A3d). All of 
these initial conditions will result in different internal flow momentum generation.[5-7] 
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Figure A3. Time-lapse images captured top-view optical microscopy (Figure 2a of manuscript) 
of steady-state water condensation on the superhydrophobic CuO surface with three-droplet 
(𝑛 = 3) coalescence and jumping. The images show droplet jumping initial conditions having 
droplets (a) in-line with each other, (b) in an L-shape arrangement, (c) in a triangular 
arrangement, and (d) in an arrangement forming an obtuse angle. Blue false color lines were 
overlaid with the images to better identify the coalescing droplets. Each set of images (a-d) 
shows the surface just prior to (left image), and right after (right image) droplet coalescence and 
departure. Images were captured with a high-speed camera frame rate of 1000 frames per second.  
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A.5. Critical Heat Flux Model  
 
This section describes the procedure for obtaining the critical heat flux that causes a droplet 
jumping downwards from a cylindrical tube to return to the surface. Figure A4 shows the free body 
diagram on a droplet jumping downwards from a cylindrical tube (see Figure 10a). 
 
Applying Newton’s second law, we obtain the following differential equations governing the 
motion of the droplet in the y-direction: 
𝑚𝑎d = −
1
2
𝜌v𝜋𝑅d
2𝐶D(𝑢d + 𝑢v)
2𝑠𝑔𝑛(𝑢d + 𝑢v) − 𝑚𝑔 , (A21) 
Where 𝑅d is the jumping droplet radius (labeled as 𝑅j in Figure 10 of the manuscript), 𝑢v is the 
vapor velocity, 𝑎d is the droplet acceleration, 𝑚 is the mass of the droplet (𝑚 = (4/3)𝜋𝑅d
3𝜌w), 
and 𝐶D is the Reynolds number dependent drag coefficient.[8] The symbol sgn is used to define 
the sign function (𝑠𝑔𝑛(𝑢d) = +1 for 𝑢d > 0, and 𝑠𝑔𝑛(𝑢d) = −1 for 𝑢d < 0). We assumed that, 
due to the relatively small size of departing droplets (~10-50 μm), the shape of droplets remained 
spherical during flight. This assumption is justified given that the Bond, Webber, and Capillary 
numbers are all much less than one ( Bo = 𝜌𝑤𝑔𝑅d
2/𝜎 ≪ 1,We = 𝜌v𝑈v
2𝑅d/𝜎 ≪ 1, Ca =
𝜇v𝑈v/𝛾 ≪ 1, where 𝜎 = 73 mN/m is the water surface tension).  
 
The vapor flow velocity toward the condensing surface is the result of mass conservation at steady 
state: the mass flow rate of condensate per unit area ?̇?c
′′ is equal to the mass flow rate per unit area 
of vapor near the surface ?̇?v
′′. Using the latent heat of phase change per unit area, 𝑞′′ = ?̇?c
′′ℎfg , 
where ℎfg = 2407 kJ/kg is the latent heat of phase change of water, and the water vapor mass flow 
rate ?̇?v
′′ = 𝜌v𝑢v, we obtain the vapor velocity at the surface 𝑢v,suface in terms of the heat flux: 
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𝑢v,suface =
𝑞′′
𝜌vℎfg 
 (A22) 
As the radial distance 𝑟  from the surface increases, the vapor flow velocity decreases 
proportionally with the decrease in surface area. By applying the ratio of the surface area of the 
inner cylinder to the surface area of a cylinder of radius 𝑟, and using Eq. (A22), we obtain the 
vapor velocity for a cylindrical system in terms of the radial position 𝑟 (Figure 10a).  
𝑢v =
𝑞′′
𝜌vℎfg 
𝑅1
𝑟
 (A23) 
For a given initial velocity, we solved for the trajectory of the droplet using a Matlab differential 
equation solver ode45. The process was iterated for several heat fluxes (that affect the drag velocity 
(Eq. A22)) until the droplet was observed to return to the surface. This specific heat flux was 
recorded to be the jumping-droplet critical heat flux for each initial velocity of the jumping droplet. 
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Figure A4.   Free body diagram on a droplet jumping downward from a cylindrical tube with 
velocity 𝑢d⃗⃗⃗⃗  (Figure 10a), where 𝐹D,d⃗⃗ ⃗⃗ ⃗⃗  ⃗ and 𝐹D,v⃗⃗ ⃗⃗ ⃗⃗  ⃗ are the drag forces due to droplet velocity and 
vapor flow toward the condensing surface, respectively. The gravitational force is represented 
by 𝐹G⃗⃗ ⃗⃗  ⃗. 
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A.6. Steady-State Jumping Droplet Condensation Heat Transfer Model  
 
The nomenclature section for this model can be found in the next section. To study the overall 
steady-state jumping-droplet condensation heat flux, we combined the individual droplet heat 
transfer rate with droplet distribution theory to account for the fraction of droplets on the surface 
of a given radius 𝑅. The individual droplet heat transfer rate is determined by:[9] 
𝑞(𝑅, 𝜃a) =  
𝜋𝑅2 (∆𝑇 −
2𝑇𝑠𝑎𝑡𝜎
𝑅ℎ𝑓𝑔𝜌𝑤
)
𝐴2𝑅 + 𝐴3
 
(A24) 
For small non-interacting droplets (𝑅 ≤ 𝑅e), the size distribution 𝑛(𝑅) is determined by:[9]  
𝑛(𝑅) =
1
3𝜋𝑅e3?̂?
(
𝑅e
?̂?
)
−
2
3 𝑅(𝑅e − 𝑅min)
𝑅 − 𝑅min
𝐴2𝑅 + 𝐴3
𝐴2𝑅e + 𝐴3
exp(𝐵1 + 𝐵2) , (A25) 
where, where ?̂? is the average maximum droplet radius (jumping radius), 𝑅e is the radius when 
droplets growing by direct vapor addition begin to merge and grow by droplet coalescence, 𝑅min 
is the critical nucleation radius for condensing droplets (≈10 nm for water). For large droplets 
(𝑅 ≥ 𝑅e) growing due to coalescence, the droplet distribution 𝑁(𝑅) is determined from:[10] 
𝑁(𝑅) =
1
3𝜋𝑅e2?̂?
(
𝑅e
?̂?
)
−
2
3
 (A26) 
The variables 𝐴1, 𝐴2, 𝐴3, 𝐵1, 𝐵2 are constants associated with droplet sweeping, defined as:[11] 
𝐴1 =
∆𝑇
ℎ𝑓𝑔𝜌𝑤(1 − cos 𝜃a)2(2 + cos 𝜃a)
 (A27) 
𝐴2 =
𝜃
4𝑘𝑤 sin 𝜃a
 (A28) 
𝐴3 =
1
2ℎ𝑖(1 − cos 𝜃a)
+
1
𝑘𝐻𝐶 sin2 𝜃a
[
𝑘𝑝𝜙
𝛿𝐻𝐶𝑘𝑝 + ℎ𝑘𝐻𝐶
+
𝑘𝑝(1 − 𝜙)
𝛿𝐻𝐶𝑘𝑤 + ℎ𝑘𝐻𝐶
]
−1
 (A29) 
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𝐵1 =
𝐴2
𝜏𝐴1
[
𝑅𝑒
2 − 𝑅2
2
+ 𝑅𝑚𝑖𝑛(𝑅𝑒 − 𝑅) − 𝑅𝑚𝑖𝑛
2 ln (
𝑅 − 𝑅𝑚𝑖𝑛
𝑅𝑒 − 𝑅𝑚𝑖𝑛
)] (A30) 
𝐵2 =
𝐴3
𝜏𝐴1
[𝑅𝑒 − 𝑅 − 𝑅𝑚𝑖𝑛 ln (
𝑅 − 𝑅𝑚𝑖𝑛
𝑅𝑒 − 𝑅𝑚𝑖𝑛
)] (A31) 
𝜏 =
3𝑅𝑒
2(𝐴2𝑅𝑒 + 𝐴3)
2
𝐴1(11𝐴2𝑅𝑒2 − 14𝑅𝑒𝑅𝑚𝑖𝑛 + 8𝐴3𝑅𝑒 − 11𝐴3𝑅𝑚𝑖𝑛)
 (A32) 
In our case, the analysis can be applied to smooth hydrophobic surfaces (𝜙 = 1, ℎ = 0, 𝛿𝐻𝐶 ≈ 0) or 
jumping droplet superhydrophobic surfaces having low structure heights such as CuO (ℎ ≈ 0, 𝛿𝐻𝐶 
≈ 0, 𝜏 → ∞). Neglecting the thin CuO nanostructure (≈ 2 µm) as well as the ultra-thin conformal 
P2i coating (≈ 60 nm), 𝐴3 is defined as: 
𝐴3 =
1
2ℎ𝑖(1 − cos 𝜃a)
 (A33) 
The total surface steady state condensation heat flux (𝑄"T ) is obtained by incorporating the 
individual droplet heat transfer rate (Eq. (A24)), with the droplet size distributions (Eqns. (A25) 
and (A15)): 
𝑄"T = ∫ 𝑞(𝑅)𝑛(𝑅)𝑑𝑅
𝑅e
𝑅min
+∫ 𝑞(𝑅)𝑁(𝑅)𝑑𝑅
?̂?
𝑅e
 (A34) 
For the analysis shown in Figure 10, the following input parameters were taken: 𝜃a = 170° , 
𝑅e = 1 µm, and ∆𝑇 = 10 K. 
The variation of total steady-state heat transfer (𝑄"T) with respect to jumping radius (?̂? = 𝑅j) was 
studied using Eq. (A34) (Figure 10c). The heat transfer was calculated by varying ?̂? and keeping 
the droplet nucleation density, 𝑁𝑠 constant (corresponding to 𝑅e = 1 µm).  
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In order to calculate cumulative heat transfer rate (Figure 10d), i.e. the contribution to total heat 
transfer of water droplets residing on the surface having radii 𝑅min  < 𝑅  < 𝑅′ , the ratio of 
cumulative heat transfer (𝑄") for droplet ranging in size from 𝑅min < 𝑅 <  𝑅′ to total steady-state 
condensation heat transfer (entire droplet size range, 𝑅min < 𝑅 <  ?̂? = 𝑅j) was taken: 
𝑄"/𝑄"𝑇 =
∫ 𝑞(𝑅)𝑛(𝑅)𝑑𝑅
𝑅′
𝑅min
𝑄"𝑇
 𝑅𝑚𝑖𝑛 ≤ 𝑅′ ≤ 𝑅𝑒 (A35) 
𝑄"/𝑄"𝑇 =
∫ 𝑞(𝑅)𝑛(𝑅)𝑑𝑅
𝑅e
𝑅min
+ ∫ 𝑞(𝑅)𝑁(𝑅)𝑑𝑅
𝑅′
𝑅e
𝑄"𝑇
 𝑅𝑒 < 𝑅′ ≤ ?̂? (A36) 
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A.7. Nomenclature for Equations in Section A.6.  
 
ℎi heat transfer coefficient at liquid-vapor interface (m) 
ℎfg latent heat of vaporization (J/kg) 
?̂? = 𝑅𝑗 effective maximum droplet radius, or jumping droplet radius (m) 
𝑅e droplet coalescence radius (m) 
𝑅g specific gas constant (J/mol K) 
𝑅min critical radius of droplet nucleation (m) 
𝑇i temperature at liquid-vapor interface (K) 
𝑇s substrate/wall temperature (K) 
𝑘HC hydrophobic promoter coating thermal conductivity (W/mK) 
𝑘p pillar/substrate thermal conductivity (W/m K) 
𝑘w water thermal conductivity (W/m K) 
𝛿HC thickness of hydrophobic coating (m) 
𝜃𝑎 advancing contact angle (degrees) 
𝜈g  water vapor specific volume (m
3/kg) 
𝜌w water density (kg/m
3) 
∆𝑇 =  𝑇𝑠𝑎𝑡 − 𝑇𝑠 surface subcooling temperature (K) 
ℎ pillar height (m) 
q″ heat flux through the droplet (W/m2)  
𝑁 large droplet population density (m-3) 
𝑁𝑠 number of nucleation sites per unit area (m
-2) 
𝑅  radius of the spherical droplet 
𝑛 small droplet population density (m-3) 
𝛼 condensation coefficient 
𝜃a advancing contact angle (degrees) 
𝜏 sweeping period (s) 
𝜙 solid fraction 
𝜎 surface tension (N/m) 
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